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CHEMICAL VAPORIZER FOR MATERIAL
DEPOSITION SYSTEMS AND ASSOCIATED
METHODS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional of U.S. application Ser. No.
11/830,688 filed Jul. 30, 2007, now U.S. Pat. No. 7,883,745,
which 1s incorporated herein by reference 1n its entirety.

TECHNICAL FIELD

The present disclosure 1s related to material deposition
systems for performing chemical vapor deposition processes,
including continuous vapor deposition and/or pulsed vapor
deposition (e.g., atomic layer deposition processes.)

BACKGROUND

In manufacturing integrated circuits, various thin films are
deposited and patterned on a semiconductor substrate. One
deposition process 1s continuous chemical vapor deposition
(CVD). In a continuous CVD process, a gaseous precursor 1s
delivered to a reaction chamber to contact a heated substrate,
¢.g., a semiconductor workpiece. The precursor then dissoci-
ates 1n a chemical reaction to coat the substrate with a layer of
deposited material. Another deposition process 1s pulsed
CVD, which includes delivering one or more gas precursors
in pulses. Atomic layer deposition (ALD) 1s one pulsed CVD
process. Inan ALD process, a layer of first chemical forms on
a substrate surface and self limits to a monolayer. The first
chemical 1s then purged from the system. A second chemical
1s then 1introduced to react with the first chemical and 1s then
purged from the system. This process can be repeated until a
layer of the desired thickness 1s deposited onto the substrate.

In both continuous CVD and ALD processes, the precursor
must be delivered 1n a gaseous state. Many potentially usetul
precursors have relatively high vaporization temperatures,
and these precursors must be heated 1 a vaporizer before
being delivered to the reaction chamber. However, such heat-
ing can adversely aflect certain precursors. For example,
some precursors can decompose at elevated temperatures and
contaminate and/or clog the vaporizer and/or other compo-
nents of a deposition system. The deposition system typically
must be shut down for clogged or contaminated lines, which
can reduce product throughput and increase manufacturing
cost. Therefore, there 1s a need for elficiently and cost-ellec-
tively maintain the vaporizer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a matenial deposition
system during normal operation in accordance with an
embodiment of the disclosure.

FIG. 2 1s a schematic diagram of the material deposition
system of FIG. 1 during a maintenance procedure 1n accor-
dance with an embodiment of the disclosure.

FIG. 3 1s a functional diagram illustrating software mod-
ules suitable for use 1n the material deposition system of FIG.
1.

FI1G. 4 1s a flow chart illustrating a method of cleaning an
injector suitable for use 1n the system of FIG. 1 and FIG. 2.

DETAILED DESCRIPTION

Specific details of several embodiments of the disclosure
are described below with reference to a material deposition
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system and methods for supplying a gaseous precursor to the
material deposition system. Several other embodiments of the
material deposition system may have diflerent configura-
tions, components, or procedures than those described 1n this
section. A person of ordinary skill in the art, therefore, will
accordingly understand that the invention may have other
embodiments with additional elements, or the invention may
have other embodiments without several of the elements
shown and described below with reference to FIGS. 1-4.

Even though embodiments of the material deposition sys-
tem are discussed below primarily in the context of chemical
vapor deposition such as atomic layer deposition, aspects of
the mvention may be useful in any thin film deposition or
ctching technique requiring a source of gaseous precursors.
Such techniques may include, for example, metal organic
chemical vapor deposition, atmospheric pressure vapor depo-
sition, low pressure chemical vapor deposition, plasma
enhanced low pressure vapor deposition, atomic layer depo-
sition, and molecular beam epitaxy. Likewise, the following
discussion focuses primarily on methods and apparatus for
processing semiconductor workpieces, but 1n certain embodi-
ments, the substrate may comprise silicon, gallium arsenide,
glass, an insulating material such as sapphire, or any other
substrate material upon which thin films may be deposited.

FIG. 1 1s a schematic diagram of a material deposition
system 10 during normal operation 1in accordance with an
embodiment of the disclosure. The system 10 can include a
reaction chamber 20, a vaporizer 30 for vaporizing a precur-
sor 11, and a delivery line 21 connecting the vaporizer 30 to
the reaction chamber 20 for supplying the vaporized precur-
sor 11 to the reaction chamber 20. The precursor 11 can
contain trischlorodiethylamino titantum (TCDEAT), bis-di-
tertbutyl-diketimide strontium (SDBK), and/or other suitable
chemical compounds. The system 10 can also include a
chamber inlet valve 54 in the delivery line 21 to regulate a
precursor flow to the reaction chamber 20.

The reaction chamber 20 can include a heating plate 24 to
support and/or heat a semiconductor workpiece 22. The heat-
ing plate 24 can maintain the workpiece 22 at a relatively
constant elevated temperature (e.g., about 100°-700° C.) dur-
ing a CVD process. The heating plate 24 can include electrical
resistance, thermoelectric, and/or other types of suitable heat-
ing elements. In some embodiments, the reaction chamber 20
can also 1include a gas distributor 28 adjacent to the semicon-
ductor workpiece 22. The gas distributor 28 can control uni-
formity and/or the flow rate of the precursor 11. In certain
embodiments, the system 10 can also include an optional
vacuum pump 26 connected to the reaction chamber 20 for
maintaining the reaction chamber 20 at a reduced pressure,
e.g., between about 10”7 torr and about 700 torr.

The vaporizer 30 can be a glass, quartz, and/or metal vessel
having a carrier gas port 36, a solvent port 34, and an outlet
port 33. The vaporizer 30 can include an injector 32 for
injecting the precursor 11 into the vaporizer 30. In one
embodiment, the 1njector 32 can be generally similar to fuel
injectors used 1n automobiles (e.g., solenoid injectors). The
injector 32 can be programmed to allow a desired amount of
precursor 11 to enter the vaporizer 30 at predetermined time
intervals. The vaporizer 30 can also include a heater 31 for
supplying energy to vaporize the mjected precursor 11. The
heater 31 can be a clam-shell external heater, an external
radiation heater, an internal resistive heater, or other types of
internal or external heating devices. The vaporizer 30 can also
include a heater control 35 electrically coupled to the heater
31 for monitoring and/or regulating the operation of the
heater 31.
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The system 10 can also include a precursor storage 38
holding the precursor 11, a precursor supply line 47 between
the precursor storage 38 and the injector 32, and a precursor
supply valve 48 in the precursor supply line 47 for regulating
a precursor flow to the vaporizer 30. The precursor storage 38
can be a tank constructed with glass, plastic, or other suitable
material compatible with the precursor 11. In some embodi-
ments, the precursor storage 38 can be blanketed and/or pres-
surized with argon, nitrogen, or other suitable 1nert gas. In
other embodiments, the precursor storage 38 can be open to
the atmosphere.

The system 10 can further include a solvent storage 40
holding a solvent 12, a solvent line 41 between the solvent
storage 40 and the solvent port 34, and a solvent inlet valve 42
in the solvent line 41. The solvent 12 can be 1sopropanol,
tetrahyrafuran, hexane, octane, other suitable solvents, or a
mixture of the foregoing compounds. Optionally, the system
10 can further include a waste storage 50 for collecting used
solvent from the vaporizer 30, a waste line 51 between the
waste storage 50 and the vaporizer 30, and a dump valve 52 in
the waste line 51.

In the illustrated embodiment, the system 10 also includes
an optional carrier gas storage 44 holding a carrier gas 13, a
carrier gas line 45 between the carrier gas storage 44 and the
carrier gas port 36, and a carrier gas valve 46 1n the carrier gas
line 45. The carrier gas storage 44 can be a pressurized tank
holding argon, nitrogen, and/or other suitable carrier gas 13
that can facilitate the transport of the vaporized precursor 11
to the reaction chamber 20. In other embodiments, the carrier
gas storage 44, the carrier gas line 435, and the carrier gas valve
46 can be omitted.

The system 10 can further include a controller 60 1n elec-
trical communication (showing in phantom lines for clarity)
with the injector 32, the precursor supply valve 48, the carrier
gas valve 46, the solvent inlet valve 42, the dump valve 52, the
chamber 1nlet valve 54, and the heater control 35. The con-
troller 60 can include a Programmable Logic Controller
(PLC), a Distributed Control System (DCS), a System Logic
Controller (SLC), a personal computer, and/or other suitable
logic processor. The controller 60 can 1include a computer-
readable medium containing instructions for controlling the
operation and maintenance of the system 10, as described 1n
more detail below with reference to FIG. 3. In the illustrated
embodiment, the controller 60 optionally includes an opera-
tor panel 62 for providing process information to an operator
and/or receiving mmput from the operator. In other embodi-
ments, the operator panel 62 can be omutted.

During processing, the controller 60 can command the
heater control 35 to supply power to the heater 31 to heat
and/or maintain the vaporizer 30 at a desired operating tem-
perature (e.g., 80° C.). Then, the controller 60 can transmit an
clectrical signal to the precursor supply valve 48. In response,
the precursor supply valve 48 opens to provide a flow of the
precursor 11 to the injector 32. The controller 60 can then
periodically actuate the injector 32 for a certain period of time
to 1nject a desired amount of precursor 11 into the vaporizer
30. The mmjected precursor 11 then vaporizes 1n the vaporizer
30 by absorbing heat from the heater 31. The controller 60 can
then open the chamber inlet valve 54 to supply the vaporized
precursor 11 to the reaction chamber 20. In some embodi-

ments, the controller 60 can also open the optional carrier gas
valve 46 to introduce the carrier gas 13 into the vaporizer 30.
The carrier gas 13 then mixes with the vaporized precursor 11
betfore the mixture 1s supplied to the reaction chamber 20.
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After a period of processing, the injector 32 can be clogged
due to various reasons. For example, the temperature 1n the
vaporizer 30 can cause the precursor 11 to decompose at the
injector 32.

In one embodiment, the system 10 can include at least one
sensor to determine the period of processing before the injec-
tor 32 should be maintained. For example, the system 10 can
include a tlow sensor 61 (e.g., a mass flow meter) in the
precursor supply line 47 to measure a tlow rate of the precur-
sor during operation. I the measured flow rate drops below a
preset threshold, then the controller can automatically start a
maintenance procedure or can 1ssue an alarm to an operator,
and the operator can choose whether to start a maintenance
procedure. A precursor concentration sensor (not shown) and/
or other types ol sensor at the vaporizer 30, 1n the delivery line
21, or at the reaction chamber 20 can also be used to deter-
mine the period of processing. In other embodiments, the
controller 60 can start a maintenance procedure after process-
ing one, two, or any desired number of semiconductor work-
pieces 1n the reaction chamber 20. After performing the main-
tenance procedure, additional semiconductor workpieces can
be processed in the reaction chamber 20. Performing the
maintenance procedure 1n between processing semiconduc-
tor workpieces can reduce, or even prevent, the build-up of
decomposed precursor residue 1n the mjector 32.

FIG. 2 1s a schematic diagram of the material deposition
system 10 of FIG. 1 during a maintenance procedure in accor-
dance with an embodiment of the disclosure. To maintain the
vaporizer 30, the controller 60 can first stop all material flows
into the vaporizer 30 by closing the precursor supply valve 48,
the carrier gas valve 46, and the chamber inlet valve 54. The
controller 60 can also command the heater control 35 to reach
a maintenance temperature. The maintenance temperature
can be greater than, less than, or generally similar to the
operating temperature of the vaporizer 30. The controller 60
can then open the solvent inlet valve 42 to itroduce a suili-
cient amount of solvent 12 into the vaporizer 30 such that at
least a portion of the solvent 12 remains 1n the liquid phase
after being mtroduced into the vaporizer 30. As a result, the
solvent 12 1n the vaporizer 30 can include a vapor phase 124
proximate to the injector 32 and a liquid phase 1256 spaced
apart from the injector 32.

The controller 60 can then close all the valves and maintain
the current condition for a certain cleaning period (e.g., five
minutes). An operator can adjust the cleaning period based
on, for example, a current condition (e.g., color, viscosity,
ctc.) of the solvent 12 1n the vaporizer 30, prior cleaning
results, and/or other suitable criteria. At the end of the clean-
ing period, the controller 60 can open the dump valve 52 to
dump the solvent 12 from the vaporizer 30 to the waste
storage 50. Then the controller 60 can repeatedly introduce
additional solvent 12 into the vaporizer 30 to clean the injec-
tor 32 as discussed above until a desired performance 1n the
injector 32 1s restored.

The controller 60 can determine the amount of the solvent
12 introduced into the vaporizer 30 using several techniques.
For example, the controller 60 can calculate the required
amount based on previously gathered empirical data. The
controller 60 can also monitor the liquid content of the solvent
12 using a level transmitter, a conductivity transmitter, and/or
other mstrument at the vaporizer 30. The controller 60 can
turther accept mnput from an operator who monaitors the liquid
content of the solvent 12 in the vaporizer 30 through a sight
glass or the vaporizer 30 itselif.

The vaporized solvent 12 can effectively and efliciently
remove the residue from the injector 32 and vaporizer 30. The
applicants have surprisingly discovered that the vapor solvent
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12 canremove residue from the ijector 32 better than a liquad
solvent. Without being bound by theory, 1t 1s believed that a
solvent reflux 14 1n the vaporizer 30 causes such a surprising
result. It 1s believed that the solvent 12 1n the vaporizer 30 can
first evaporate from the liquid phase 124, and the evaporated
vapor solvent can contact the injector 32 to remove any resi-
due from the 1njector 32. After contacting the injector 32, the
vapor solvent can condense and return to the liquid phase 125
along with any removed residue. The evaporation-condensa-
tion process can then be repeated to collect more residue from
the 1njector 32.

Several embodiments of the system 10 can be cost-efiec-
tive to operate because the injector 32 can be eificiently
cleaned. In conventional systems, once the injector 32 1is
clogged, the system 10 has to be shut down 1n order to replace
the 1njector 32 and to clean the vaporizer 30. Replacing the
injector 32 can increase the production cost and the downtime
of the system 10. As a result, by efficiently cleaning the
injector 32 without removing the injector 32 from the vapor-
izer 30, such shutdown, replacement, and cleaning can be
avoided, and produce throughput can be increased.

The system 10 can have other configurations 1n addition to
or 1n lieu of the configuration shown in FIG. 1 and FIG. 2. For
example, the system 10 can further include a precursor recir-
culation pump (not shown) in the precursor supply line 47 and
a precursor return line (not shown) between the precursor
storage 38 and the injector 32. During operation, the recircu-
lation pump can continuously recirculate the precursor 11
between the precursor storage 38 and the mjector 32. Recir-
culating the precursor 11 can at least reduce the exposure of
the precursor 11 to the temperature 1n the vaporizer 30 and
dilute and/or filter, any decomposed precursor.

FIG. 3 illustrates a functional diagram showing software
modules suitable for use 1n the controller 60. Each component
can be a computer program, procedure, or process written as
source code 1n a conventional programming language, such as
the C++ programming language, and can be presented for
execution by a processor 100 of the controller 60. The various
implementations of the source code and object and byte codes
can be stored on a computer-readable storage medium or
embodied on a transmission medium 1n a carrier wave. The
modules can include an input module 102, a database module
104, a process module 106, an output module 108, and
optionally, a display module 110. In another embodiment, the
soltware modules can be presented for execution by the CPU
of a network server 1n a distributed computing scheme.

In operation, the input module 102 accepts an operator
input from an operator via the operator panel 62 and commu-
nicates the accepted information or selections to other com-
ponents for further processing. For example, the input module
102 can accept from the operator the time interval for actuat-
ing the imjector 32, a temperature setpoint for the heater
control 35, and/or other process setpoints. The input module
102 can also accept from the operator selections for entering
maintenance mode, starting normal processing, starting/stop-
ping the heater 31, and/or other control selections.

The database module 104 organizes records, including
operating parameters 122, operator activities 124, and alarms
126, and facilitates storing and retrieving these records to and
from a database 120. Any type of database orgamization can
be utilized, including a flat file system, hierarchical database,
relational database, or distributed database, such as provided
by a database vendor such as Oracle Corporation, Redwood
Shores, Calif.

The process module 106 can generate control signals based
on input signals 112, operator mput received via the mput
module 102, and/or internal components (e.g., an nternal
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clock, a sequencer, timers, counters, PID control loops, etc.).
For example, the process module 106 can include an internal
sequencer (not shown) for carrying out a maintenance proce-
dure. The sequencer can include timers, counters, and other
logic components to generate control signals corresponding
to individual stages of the maintenance procedure. The pro-
cess module 106 can also include comparison heuristics for
generating alarms 126 that can be stored 1n the database 120.

The output module 108 can generate output signals 114
based on the control signals from the process module 106. For
example, the output module 108 can convert the generated
control signals 1nto 4-20 mA output signals 114 suitable for a
direct current voltage modulator, or discrete signals for actu-
ating a solenoid valve. The processor 100 can optionally
include the display module 110 for displaying, printing, or
downloading the input signals 112 and output signals 114 via
devices such as the operator panel 62 (FIG. 1). A suitable
display module 110 can be a video driver that enables the
processor 100 to display the input signals 112 on the operator
panel 62.

FIG. 4 1s a flow chart 1llustrating a method 150 of cleaning,
an 1njector suitable for use in the system 10 of F1G. 1 and FIG.
2. The method 150 can include stopping all tlows to a vapor-
izer (block 152). For example, valves to the vaporizer can be
closed such that no material can enter the vaporizer. The
method can also 1include a solvent cleaning procedure 153 for
removing residue from the injector and the vaporizer. The
solvent cleaning procedure 153 can include introducing a
solvent 1nto the vaporizer such that at least a portion of the
introduced solvent remains 1n the liquid phase (block 154). In
one embodiment, excess solvent can be introduced to avoid
completely vaporizing the introduced solvent. In other
embodiments, the liquid content of the introduced solvent can
be monitored and additional solvent can be added to avoid
complete vaporization by using, for example, a level trans-
mitter, a sight glass, and/or other instrument operatively
coupled to the vaporizer.

The solvent cleaning procedure 153 also includes allowing,
the 1ntroduced solvent to reflux in the vaporizer after the
solvent 1s introduced for a period of time (block 156). An
operator can adjust the period for allowing the solvent to
reflux based on several process parameters. For example, the
operator can adjust the period based on a current condition
(e.g., level, color, viscosity, etc.) of the solvent 1n the vapor-
1zer or based on prior cleaning results.

Without being bound by theory, 1t 1s believed that the
introduced solvent can reflux in the vaporizer because the
solvent liquid 1s 1n excess. As a result, at least a portion of the
introduced solvent can remain in the liquid phase, and an
equilibrium exists between the liquid and vapor phases under
the current pressure condition in the vaporizer. Thus, the
solvent can evaporate from the liquid phase 1nto the vapor
phase to contact the injector before condensing back into the
liguid phase. It1s believed that contacting the injector with the
solvent vapor can dissolve, combine, or otherwise remove
residue from the injector as well as the vaporizer body. In
some embodiments, such retlux can be enhanced by heating
the vaporizer at a first end and cooling 1t at a second end
spaced apart from the first end. For example, the first end can
be heated by a heater, and the 1njector can be cooled by a
circulating precursor solution. In other embodiments, other
techniques to enhance the solvent reflux can also be used.

The solvent cleaning procedure 133 further includes purg-
ing the solvent from the vaporizer after allowing the solventto
reflux for the period of time (block 158). The method 1350
further includes a decision block 160 1n which a determina-
tion 1s made regarding whether to repeat the solvent cleaning
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procedure 153. If the answer 1s no, the process ends. If the
answer 1s yes, the process reverts to block 154. In one embodi-
ment, the determination can be made based on a current
condition of the mjector after the previous cleaning procedure
153. For example, 11 the mjector performs satistfactorily 1n a
test, then the process can end; otherwise, the solvent cleaning
procedure 153 can be repeated. In other embodiments, the
determination can be made based on other criteria.

From the foregoing, it will be appreciated that specific
embodiments of the invention have been described herein for
purposes of 1llustration, but that various modifications may be
made without deviating from the invention. For example,
many of the elements of one embodiment may be combined
with other embodiments 1n addition to or in lieu of the ele-
ments of the other embodiments. Accordingly, the invention
1s not limited except as by the appended claims.

We claim:

1. A system for depositing a material onto a semiconductor
workpiece, comprising:

a reaction chamber;

a vaporizer having an injector;

a chamber inlet valve through which a vapor tlows from the

vaporizer to the reaction chamber;

a precursor supply valve through which a precursor tlows

to the 1njector;

a solvent inlet valve through which a solvent flows to the

vaporizer; and

a controller operably coupled to the 1njector, the chamber

inlet valve, the precursor supply valve, and the solvent

inlet valve, the controller having a computer-readable

medium containing instructions that cause the controller

to perform a method comprising

closing the chamber inlet valve and the precursor supply
valve:; and

therealter, opening the solvent inlet valve to introduce an
amount of the solvent into the vaporizer, the amount
of the solvent being sufficient such that an equilibrium
between a vapor phase and a liquid phase of the sol-
vent co-exist 1in the vaporizer.

2. The system of claim 1 wherein the method performed by
the controller further comprises determining the amount of
the introduced solvent based on previously gathered empiri-
cal data, and/or an mput from an operator.

3. The system of claim 1 wherein the method performed by
the controller turther comprises monitoring a liquid content
of the solvent in the vaporizer.
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4. The system of claim 1 wherein the method performed by
the controller further comprises maintaining the equilibrium
in the vaporizer for a period of time.

5. The system of claim 1 wherein the method performed by
the controller further comprises heating the vaporizer at a first
end spaced apart from the 1njector and cooling the vaporizer
at a second end proximate to the injector.

6. The system of claim 1 wherein the method performed by
the controller further comprises purging the introduced sol-
vent from the vaporizer and introducing additional solvent
into the vaporizer.

7. The system of claim 1 wherein the method performed by
the controller further comprises:

opening the precursor supply valve to supply the precursor

to the 1njector;

periodically injecting the precursor mnto the vaporizer

through the injector; and

vaporizing the precursor 1n the vaporizer and opening the

chamber 1nlet valve to supply the vaporized precursor to
the reaction chamber.

8. The system of claim 1, wherein the method performed by
the controller further comprises:

partially vapornizing the introduced solvent in the vaporizer

into a vapor phase and a liquid phase, the vapor phase
being proximate to the injector and the liquid phase
being spaced apart from the injector;

contacting the solvent in the vapor phase with the injector;

and

removing contaminants from the injector to the solvent 1n

the vapor phase.

9. The system of claim 8, wherein the method performed by
the controller further comprises maintaining the vapor phase
and the liquid phase of the solvent for a period of time.

10. The system of claim 8, wherein the method performed
by the controller further comprises exposing at least a portion
of the 1njector to a circulating precursor flow and condensing
the solvent in the vapor phase after contacting the injector.

11. The system of claim 8, further comprising a heater, and
wherein the method performed by the controller further com-
prises supplying heat via the heater to the vaporizer and
continually vaporizing the solvent in the liquid phase with the
supplied heat.

12. The system of claim 8, wherein the method performed
by the controller further comprises momitoring a liquid con-
tent of the introduced solvent and ensuring at least a portion of
the introduced solvent remains 1n the liquid phase.
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